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1. Introduction 
Dolichols are long-chain polyprenols found in 
eucaryotes made up of 16-22 isoprene residues linked 
head to tail. The molecule has cis and frans double- 
bonds and the a-isoprene unit is saturated. Usually 
polyprenols are isolated as mixtures differing from 
each other only in one or two isoprene residues [ 1,2]. 
The phosphorylated polyprenols appear as biologically 
active carriers of sugars in the biosynthesis of bac- 
terial wall polysaccharides and eucaryotic glyco- 
proteins [ 1,3] . Bacterial undecaprenol has been 
synthesized in vitro with preparations of Micrococcus 
lysodeikticus [4] , Salmonella newington [S] and 
Luctobacillus plantarum [6,7] . The cis-undecaprenyl 
pyrophosphate synthetase from L. plantarum has 
recently been partially purified and the reaction 
requirements were studied [8]. 
Little is known about the biosynthesis of poly- 
prenols in higher organisms. Incorporation of meva- 
lonate into betulaprenol by woody tissue of Betula 
verrucosa [9] and into dolichol by rat liver [lo] has 
been achieved in vivo. 
We report here the first evidence for the synthesis 
of dolichol phosphate by a cell-free preparation from 
pea epicotyls and the ability of this compound to 
accept glucose from UDP-glucose. 
2. Materials and methods 
A’- [ 1 -14C] Isopentenyl pyrophosphate (IPP) 
(60 mCi/mmol) was obtained from Amersham/Searle 
+Career Investigator of the Consejo National de Investigaciones 
Cientificas y Ttknicas, Argentina 
North-Holland Publishing Company - Amsterdam 
Corporation. [3H]UDP-glucose (2.42 Ci/mmol) was 
donated by the Instituto de Investigaciones Bioqui- 
micas ‘Fundaci6n Campomar’. Dolichol (Dol) and 
dolichyl monophosphate (DMP), isolated from liver 
and partially purified, were a generous gift from N. H. 
Behrens. Ficaprenol (Fol) and ficaprenyl monophos- 
phate (FMP) were offered by P. A. Romero. Dolichol 
monophosphate [‘4C]glucose (DMPG) was a gift from 
R. Staneloni. Alkaline phosphatase from Escherichia 
coli was obtained from Sigma Chemical Co. All other 
chemicals were analytical reagent grade. 
2.1. Enzyme preparation and assay 
Dwarf Pisum sativum L. seedlings (cv. Cuarentona) 
were grown in the dark for 5-7 days at 25°C. The 
epicotyls were homogenized in an Omnimixer with 
0.1 M Tris-HCl, pH 7.4, 20 mM /3-mercaptoethanol. 
The homogenate was strained through cheese-cloth 
and centrifuged at 1000 X g for 1.5 min. The super- 
natant was then centrifuged at 25 000 X g for 1 h and 
the resulting supernatant was used as enzyme source. 
Standard incubations were carried out for 30 min 
at 30°C, containing the following mixture in a final 
volume of 0.05 ml: 50 mM Tris-HCl, pH 7.3, 1 mM 
MgClz, 80 I.~M [ 1 -14C] IPP (60 mCi/mmol) and pea 
enzyme (150-200 pg protein). 
The enzymatic hydrolysis of prenyl phosphates 
was performed with alkaline phosphatase at 37°C for 
4 h in the following medium: 50 mM Tris-HCl, pH 
8.4, 10 mM MgClz, 0.1% Triton X-l 00, E. coli alkaline 
phosphatase (100 pg protein) in 50% methanol. The 
resulting free alcohols were extracted with petroleum 
ether. 
The ability of polyprenyl phosphates to act as 
acceptors of sugars was assayed at 20°C for 15 min in 
a reaction mixture containing: 100 mM Tris-HCl, pH 
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7.5, 10 mM MgClz, 0.6% Triton X-100, 12 PM [3H]- 
UDP-glucose (2.42 Ci/mmol), a crude membrane 
preparation from peas [ 111 and chloroformic extract. 
2.2. Analytical methods 
The products were separated following the scheme 
of fig.1. 
A Sephadex LH-20 column (1 X 20 cm) was prepar- 
ed and equilibrated with 0.1 M ammonium acetate 
buffer in 99% methanol [ 131 . Prenyl phosphates 
resistant to acid hydrolysis (0.1 ml) were mixed with 
standards of DMP and FMP and poured into the 
column. Elution was carried out with the same buffer 
and 0.4 ml fractions were collected. The eluates were 
analyzed for radioactivity, acid-labile phosphate and 
total phosphate. 
Ascending paper chromatography was performed 
on Whatman No. 1 paper developed with butanol/ 
water (4: 1 v/v). 
Reverse phase thin-layer chromatography of free 
alcohols was carried out on Kieselguhr G plates, 
immersing the plate in a 5% (v/v) solution of paraffin 
oil in light petroleum [ 141 developed with acetone/ 
water (98: 2 v/v). 
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Fig.1. Scheme of extraction and separation of products. 
Polyprenyl phosphates table to mold acid hydro- 
lysis, were treated for 30 min at 70°C under nitrogen 
in 60% aqueous KOH/absolute ethanol (1: 5 v/v) [ 151. 
The resulting free alcohols were extracted by addition 
of water and petroleum ether. 
Phosphate was determined by the method of Fiske 
and Subbarow [ 161 and the Lowry method [ 171 was 
used for protein determination. 
3. Results and discussion 
When pea extracts were incubated with [ 1-14C] -
IPP, radioactive free alcohols appeared in the hexane 
phase. Those alcohols probably were liberated by the 
activity of endogenous phosphatase. The analysis 
of this fraction by reverse phase thin-layer chromato- 
graphy (fig.2A) showed that only short chain prenols 
were the products. 
A significant amount of the radioactivity (8%) 
could be extracted from the incubation mixture by 
chloroform/methanol (2: l), suggesting the presence 
of polyprenol phosphates. Differences in the incorpora- 
tion of label to this fraction were observed among 
different preparations. The enzyme system was very 
unstable, and only fresh preparations synthesized 
long chain polyprenols. 
0 1 0 1 
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Fig.2. Reverse phase thin-layer chromatography of the hexane 
soluble products. A, free alcohols and hydrocarbons. B, alco- 
hols hydrolyzed by acid treatment. C, alcohols hydrolyzed by 
alkaline phosphatase. D, alcohols liberated by strong alkaline 
treatment. Standards of farnesol (C,,); ficaprenol (C,,) and 
dolichol (C,,,] were detected by iodine vapours. 
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Allylic polyprenol phosphates were hydrolyzed by 
acid treatment. Twenty percent of the total polyprenyl 
phosphates were liberated by this method. The analysis 
of this fraction showed (fig.2B) that radioactivity was 
distributed between short chain prenols and a com- 
pound with the chromatographic properties of Fol 
(C,,) standard. No long chain polyprenol similar to 
Do1 (Cr,) was liberated by acid hydrolysis. 
Polyprenols resistant to mild acid hydrolysis (80% 
of total polyprenyl phosphates) were submitted to 
enzymatic hydrolysis by alkaline phosphatase. Only 
10% of this fraction could be hydrolyzed by this 
treatment. In this case, radioactivity was associated 
with Do1 standard (fig.2C). Also short chain alcohols 
appeared at the front of the chromatographic plate 
due to a contamination (2%) of the chloroform/ 
methanol fraction by the substrate (IPP). The results 
obtained by this treatment were only qualitative. It 
is known [4] that long chain polyprenyl phosphates 
are hardly hydrolyzed by alkaline phosphatase, the 
short chain ones being a better substrate. This 
differential affinity of the enzyme could explain the 
ratio between long and short chain prenols observed 
in fig.2C. 
To confirm the chain-length of the polyprenol 
phosphates synthesized with pea preparations by a 
different method, column chromatography on 
Sephadex LH-20 was performed. An aliquot of the 
fraction containing the acid stable polyprenyl phos- 
phates was chromatographed together with DMP and 
FMP carriers. The elution profile is shown in fig.3. 
The radioactive peak elutes with the acid stable phos- 
phate in DMP (mol. wt - 1400) and far from the 
labile one corresponding to the standard of FMP 
(mol. wt - 700). When fractions 25-32 were pooled, 
concentrated under Nz and treated with strong alkali, 
a quantitative recovery of radioactivity was obtained 
in the hexane phase. Reverse phase chromatography 
(fig.2D) revealed a radioactive peak with the chromato- 
graphic properties of dolichol. After treatment of the 
plate with iodine vapours, a spot of nonradioactive 
Do1 arising from the DMP used as standard in the 
column was observed at the same place. 
In order to check the ability of the biosynthesized 
polyprenyl phosphate to accept glucose, an aliquot 
of the [‘“Cl polyprenyl phosphate coming from the 
Sephadex column was incubated with [3H]UDP- 
glucose and an enzyme system from peas. Paper 
20 30 40 50 60 
Fraction Number 
Fig.3. Column chromatography on Sephadex LH-20. Standards 
of dolichyl phosphate and ficaprenyl phosphate were detected 
by total phosphate (o-o) and by acid labile phosphorous 
(- - -a), respectively. [r4C] polyprenyl phosphate was detected 
by radioactivity (m--m). 
chromatography of the butanol soluble material (fig.4) 
showed several peaks. At the origin, a peak account- 
ing for [14C]DMP and [3H]glucose-l-phosphate was 
observed. Free [r4C]polyprenols and tritiated steryl 
glucosides formed from endogenous unlabelled 
“C . 
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Fig.4. Paper chromatography of the butanol soluble products 
from the incubation of [“Cl polyprenyi phosphate with [‘HI- 
UDP-glucose. DMP, dolichyl monophosphate. Glc, glucose. 
Gl-P, glucose-l-phosphate. DMPG, dolichyl monophosphate 
glucose. Dol, dolichol; SC, steryl glucosides. 
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steroids and [jH] UDP-glucose [ 111 migrated at the 
solvent front. Immediately before appeared a double 
labelled compound with the same RF as DMPG. The 
amount of endogenous acceptor was negligible in this 
preparation and assuming a chain-length of 20 isoprene 
units, a molar ratio of tritiated glucose to [14CJdoli- 
chyl phosphate of 1 .I 5 can be calculated. When this 
material was eluted from the paper strip, acid treated 
and partitioned, 73% of tritium was obtained in the 
aqueous phase and 7 1% of 14C was found in the 
butanolic phase. This is consistent with the properties 
of DMPG. 
The identity of the long chain polyprenyl phos- 
phates with DMP is based on the following evidence: 
(i) The acid stability of the phosphorylated product 
formed is similar to that of DMP. 
(ii) The molecular size obtained by gel filtration is 
coincident with DMP. 
(iii) The chromatographic properties of the radio- 
active products liberated by alkaline phosphatase or 
strong alkali corresponds to that of Dol. 
(iv) The ability of the phosphorylated product to 
form a glucosylated lipid with the chromatographic 
properties and acid lability of DMPG. 
These results confirm the polyprenylic nature of 
the lipid-glucose acceptor detected in the same system 
[I 1 ,181 as well as the early assumption that the lipid 
carrriers in higher plants were similar to pig liver DMP. 
The hypothesis that the sugar acceptor in eucaryotic 
cells is DMP [ 181 seems at present supported by the 
results obtained in mammals [ 10,191, yeast [20] and 
plants. The results obtained in insects also support 
this idea [21] even when the identification of the 
insect lipid as dolichol has not been achieved. 
This is the first report of the in vitro synthesis of 
dolichyl phosphate with sugar acceptor capacity. Work 
on the stereochemistry of the compound and the 
enzymes involved is in progress. 
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